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A method using heated and superheated (subcritical)
water is described for rapid prediction of long-term desorption
rates from contaminated geosorbents. Rates of contaminant
release are measured at temperatures between 75 and
150 °C using a dynamic water desorption technique. The
subcritical desorption rate data are then modeled to calculate
apparent activation energies, and these activation
energies are used to predict desorption behaviors at any
desired ambient temperature. Predictions of long-term release
rates based on this methodology were found to correlate
well with experimental 25 °C desorption data measured
over periods of up to 640 days, even though the 25 °C
desorption rates were observed to vary by up to 2 orders
of magnitude for different geosorbent types and initial
solid phase contaminant loading levels. Desorption profiles
measured under elevated temperature and pressure
conditions closely matched those at 25 °C and ambient
pressure, but the time scales associated with the high-
temperature measurements were up to 3 orders of magnitude
lower. The subcritical water technique rapidly estimates
rates of desorption-resistant contaminant release as well as
those for more labile substances. The practical implications
of the methodology are significant because desorption
observed under field conditions and ambient temperatures
typically proceeds over periods of months or years,
while the high temperature experiments used for prediction
of such field desorption phenomena can be completed
within periods of only hours or days.

Introduction
Rates of desorption associated with the release of hydro-
phobic organic contaminants (HOCs) from soils and sedi-
ments into interstitial waters are typically biphasic in
character, with an initial rapid desorption phase that occurs
over a few hours or days being followed by an extremely slow
desorption process that can take months or years to reach
an end point (1-5). Such slow desorption is frequently the
rate-limiting step in biodegradation, bioremediation, and
subsurface transport processes (5-11). A reliable means for
rapidly predicting the long-term desorption behavior of HOCs
from contaminated soils and sediments would be invaluable
for engineers and scientists planning remediation schemes
and/or assessing risks associated with alternative remediation
end point decisions.

Several other methods for rapidly measuring the labile
and bioavailable fraction of sorbed HOCs have been pro-
posed. Mild solvent extractions with butanol, propanol,
methanol, or ethyl acetate for periods ranging from 5 s to
several minutes have been found to approximate trends in
contaminant bioavailability measured by microbial degrada-
tion or earthworm uptake (12-15). However, such methods
have several marked disadvantages. First, optimal conditions
of specific solvent, dilution, degree of agitation, and duration
of extraction for predictive purposes vary with each pollutant,
type of microorganism, and type of soil or sediment (6, 12-
17), thus generating huge matrixes of operationally defined
results. Second, additions of organic solvents can displace
HOCs from binding sites, causing desorption processes and
associated rates that are different than those occurring in
natural aquatic systems. Finally, mild solvent extraction
techniques are not useful for predicting the long-term
desorption rates associated with the nonlabile or desorption
resistant HOC fractions, and it is these fractions that must
commonly limit rates of remediation.

Supercritical CO2 extractions have also been used to
estimate the more readily released fractions of sorbed HOCs
(18). This technique has the advantages that solvent density
and diffusivity are easily adjusted with temperature and
pressure and that high diffusivities and low surface tensions
in such systems accelerate HOC extraction. It has been shown
however, at least for phenanthrene, that supercritical CO2

desorption does not parallel aqueous desorption, possibly
because of the swelling of amorphous organic matter matrixes
in the CO2 (19). In addition, enthalpies of sorption of solutes
such as phenanthrene to typical geosorbents have been found
to be significantly greater in supercritical CO2 systems than
in aqueous systems, making extrapolations from one type of
extraction system to the other difficult (20, 21). Like mild
solvent extraction, supercritical CO2 extraction cannot be
used effectively to predict rates for the more slowly desorbing
resistant HOC fractions.

Because HOCs desorption occurs principally into aqueous
phases in natural systems, it would seem most logical to
conduct accelerated desorption experiments in liquid water
rather than in nonaqueous solvents. The 15-day (17) and/or
21-day (6) desorption of HOCs from soils and sediments to
aqueous phases containing excess Tenax polymeric resin
has in fact been reported to correlate reasonably well to short-
term bioavailability. However, the technique does not provide
characterization of desorption rates of resistant fractions
unless experiments are continued for impractically long
(months or years) periods of time. This is again a critical
deficiency because it is usually the slowly desorbing HOC
fractions that are most difficult to remove. Experiments
reported in this paper examine 25 °C desorption processes
for such “impractically long time periods” (up to 640 days)
in order to establish baselines against which to compare the
results of the predictive technique described.

There is a logical theoretical basis for using an activation
energy based technique such as that described herein.
Mechanisms proposed as potentially responsible for the
commonly observed slow desorption of HOCs from soils and
sediments include intraorganic matter diffusion (2, 3, 22, 23)
and hindered pore diffusion (5, 24-30), both of which can
be considered “activated” processes. Diffusion through soil
organic matter is analogous to diffusion in polymers, i.e.,
diffusing molecules must actually penetrate the polymeric
matrix (31-33). Activated pore diffusion can result from either
steric hindrance or retardation by sorption to organic phases
associated with pore walls. Desorption from high energy sites
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may also be an important rate limiting step. In condensed
polymeric organic matter, HOCs may sorb strongly in
molecular sized voids or “holes” (33, 34), while during pore
diffusion HOCs are subject to high energy sorption in
molecular sized pores (5, 29, 35, 36). In either case, desorption
rates for such activated processes can be significantly
enhanced by increasing temperature. The concept of tem-
perature extrapolations of rate processes is then an obvious
extension of the Arrhenius theory. Its potential application
for desorption of organic materials from soils has in fact
been suggested (5, 37) but not demonstrated.

Materials and Methods
Geosorbents. The natural sorbents used were chosen on the
basis of the functional properties of their associated soil/
sediment organic matter (SOM). Chelsea soil (particle size
<2000 µm), a geologically young topsoil collected near
Chelsea, MI, contains SOM (5.62 wt % organic carbon) having
extractable humic and fulvic acid organic matter charac-
teristics. Lachine shale (63-180 µm), collected near Alpena,
MI, is a geologically older sediment containing SOM (8.27 wt
% organic carbon) comprised primarily by type II kerogen.
Kerogen, as opposed to the organic matter associated with
Chelsea soil, is relatively nonextractable, chemically reduced,
and physically condensed (38, 39). Shale is significant in
aquifer materials that contain glacial till, such as Wagner
soil. Wagner soil (450-500 µm) is a sandy soil with 0.5% (by
weight) organic carbon, mostly in the form of intermixed
shale particles. Previous publications by Weber and co-
workers have characterized the properties and sorption
behaviors of the Chelsea soil (19-21, 40, 41), Lachine shale
(42, 43), and Wagner soil (44, 45).

Solute. Phenanthrene obtained from Aldrich Chemical
Co., Inc. in spectrophotometric-grade was utilized as a probe
HOC for the desorption experiments.

Sorption Isotherms. Established bottle-point, fixed-
dosage experimental procedures were used for measurements
of phenanthrene equilibrium sorption isotherms. Flame-
sealed, glass-ampule CMBRs (completely mixed batch reac-
tors) were used to ensure complete mixing and minimize
system losses of phenanthrene, which were less than 4% in
all cases. Details of the experimental procedures employed
have been reported in earlier publications (41, 46). Prelimi-
nary investigations showed that a 3-week contact period was
sufficient to attain apparent sorption equilibrium for the
Chelsea soil, while Lachine shale and Wagner soil required
3-month equilibration periods.

Sorbent Loading for Desorption Experiments. The
sorbents were exposed to the probe HOC in 1-L glass bottles
filled with buffer solution and a predetermined mass of solid
phenanthrene crystals. The buffer solution contained 0.005
M CaCl2 as a mineral constituent, 100 mg/L NaN3 to control
biological activity, and 0.005 g/L NaHCO3 to maintain a pH
of 7.0. Before exposure to the probe HOC, the Wagner soil
was additionally irradiated using Co-60 with 5 Mrad for 2 h
to eliminate microbial activity; the NaN3 was sufficient to
limit biodegradation of phenanthrene in the Chelsea soil
and Lachine shale systems. Because phenanthrene sorption
capacity decreases in the order Lachine shale > Chelsea soil
> Wagner soil, sorbent masses employed for the HOC
loadings were 20, 30, and 40 g, respectively. Low and high
sorbent loading levels in the various reactors were ac-
complished by adding enough phenanthrene (predetermined
from the sorption isotherms) to give corresponding final
aqueous phase equilibrium concentrations of approximately
either 20 or 800 µg/L, respectively.

The spiked reactors were mixed end-over-end on a
tumbler at 12 rpm for the first month of phenanthrene contact
to ensure CMBR conditions, after which the bottles were
stored at 25 °C and manually agitated weekly for the

remainder of the 3-month aging period. Aqueous phenan-
threne concentrations verified that all solid phenanthrene
crystals had dissolved within the first 2 weeks of contact, and
final solution phase concentrations well below the solubility
limit of the solute verified that all phenanthrene was either
dissolved in solution or sorbed to the geosorbents; phenan-
threne solubility at 25 °C is about 1200 µg/L (47). To ensure
accurate solid-phase phenanthene concentrations, a mass
balance was determined at the end of the aging stage by
analysis of aqueous and solid-phase phenanthrene concen-
trations, the latter by 24-h methanol Soxhlet extractions or
250 °C subcritical water extraction (48). The subcritical water
extractions proved more effective than methanol Soxhlet
extractions. Overall mass balances for all contaminated
geosorbents were between 95 and 105%, indicating that
experimental losses and microbial degradation were negli-
gible.

Desorption at 25 °C. Rate experiments at 25 °C were
conducted in a manner similar to that described above for
the sorption isotherm measurements. The CMBRs were
flame-sealed glass ampules mixed continuously in a hori-
zontal position on a shaker table. Tenax polymeric resin was
added to each reactor to maintain an infinite-dilution
condition in solution phase. Several reactors having identical
contents were run in parallel for each contaminated sample.
At selected times throughout the experiment, a single reactor
from each set was opened; the Tenax, aqueous phase, and
geosorbent were separated; and the total mass of phenan-
threne sorbed to the Tenax phase was analyzed. In this
manner, each CMBR was used to generate a single point on
a desorption profile. Samples of the aqueous phase were
taken for each quenched CMBR to verify that the solution
phase phenanthrene concentration was negligible (<1 µg/
L). Phenanthrene was extracted from the Tenax beads using
hexane, and the phenanthrene concentration in the hexane
was determined by HPLC utilizing UV detection. Mass
balances for all reported data were within 90-110% of the
total added, indicating that system losses (including any
attributable to microbial activity) were insignificant.

High-Temperature Desorption. Desorption at 75, 100,
and 150 °C was accomplished in a superheated water system
similar to that described in an earlier paper (40) for extraction
of SOM from various geosorbents. To summarize briefly,
helium-sparged distilled and deionized water was pumped
at a rate of 1.0 mL/min through a preheat coil and a stainless
steel sample cell in a GC oven. The hot water containing
desorbed phenanthrene exited the oven, passed through a
cooling coil, and was depressurized via a series of back
pressure regulators. All tubing was 0.0625 in. o.d. by 0.02 in.
i.d. stainless steel. Back pressure was not required for the 75
°C extractions because at this temperature water remains in
the liquid phase under atmospheric pressure. Back pressures
of 5 and 20 atm were applied for the 100 and 150 °C
desorptions, respectively, to avoid conversion of liquid water
to steam. Repeated experiments at pressures up to 70 atm
revealed that applied pressures above those required to keep
the water in liquid phase had no effects on phenanthrene
desorption rates. Extracted samples were collected sequen-
tially under ambient temperature and pressure conditions
in glass vials or jars. All collected effluent was analyzed in
each desorption experiment to ensure accurate determina-
tion of the total amount of phenanthrene desorbed. Cooling
coils and back pressure regulators were flushed constantly
with a 1:2 methanol:water mixture (volume ratio) using a
second HPLC pump and a mixing “T” at the oven exit.

The high-temperature desorption experiments required
1.0, 0.5, and 0.1 g of Wagner soil, Chelsea soil, and Lachine
shale, respectively. Different masses of sorbent were again
necessary because of the differences between the phenan-
threne uptake capacities of the three sorbents. Experiments
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were designed so that aqueous phase effluent concentrations
were more than 1 order of magnitude lower than phenan-
threne solubility during the initial rapid desorption phase,
and more than 2 orders of magnitude lower during the slowly
desorbing phase. There was therefore always a strong driving
force for desorption that minimized potential readsorption
phenomena.

Superheated water desorption at 150 °C results in the
removal of a small fraction of soil organic carbon from the
sorbents, which may in turn enhance phenanthrene de-
sorption by increasing the apparent solubility of phenan-
threne in the aqueous solution during the rapid desorption
phase. Maximum aqueous phase soil organic carbon con-
centrations of 1.7, 2.8, and 47 mg/L for the Wagner soil,
Lachine shale, and Chelsea soil, respectively, occurred during
the first 5-10 min of the high temperature desorption and
subsequently declined to negligible amounts over longer
desorption times. Desorption at 75 or 100 °C removed order
of magnitude lower amounts of soil organic carbon. However,
it was in all cases deemed appropriate to treat any increases
in phenanthrene solubility due to dissolved organic matter
as less significant than increases in phenanthrene solubility
at the corresponding elevated temperatures.

Each desorption experiment was terminated with a 1-h,
250 °C, 100 atm step to remove any remaining phenanthrene
and obtain a complete mass balance. Mass balances for all
reported phenanthrene desorption data were within 90-
105% of the total added. Batch desorption experiments
utilizing excess Tenax might also be run at elevated tem-
peratures to serve the same purpose as these column
experiments, but temperatures would have to be limited to
less than 100 °C unless pressure vessels are used.

Results and Discussion
It is possible as noted earlier to use either diffusion models
(3, 25, 28-30, 49) or multi-compartment first-order models
(26, 37, 50-53) for describing HOC desorption rates. Here
we apply a three-parameter, two-compartment, first-order
rate equation that assumes a slowly desorbing fraction, φs,
and a rapidly desorbing fraction, 1 - φs:

where q(t) is the solid-phase sorbate concentration at a given
time, qo is the initial solid-phase sorbate concentration, and
ks and kr are apparent first-order rate constants for the slowly

and rapidly desorbing fractions, respectively. The model was
fit to desorption rate data using the Levenberg-Marquardt
nonlinear regression technique with software designed to
minimize the sum of squared residuals (SAS Institute, Inc.,
Cary, NC). The 25 °C desorption data are described using
several other rate models in a companion publication in
which it is shown (54) that the biphasic first-order model,
which is attractive because of its simplicity, was found
adequate for samples having similarly wide ranges of
desorption characteristics.

We investigated the temperature dependence of the rate
of release of the slowly desorbing phenanthrene fraction, a
dependence that can be described in terms of the Arrhenius
relationship

in which ko is the Arrhenius preexponential factor, Eapp,d is
the apparent activation energy of the slow desorption process,
R is the universal gas constant, and T is temperature in degrees
Kelvin. If the activation energy associated with a process and
a value of the rate constant at some specific temperature are
known, a rate constant at a different temperature can be
calculated using the Arrhenius model in the form

The Freundlich isotherm model was used for analysis of
the equilibrium sorption data, i.e.

where qe is the equilibrium solid-phase concentration of
sorbate and Ce is its corresponding equilibrium solid-phase
concentration. The parameter KF is the Freundlich unit-
capacity coefficient, and n is a joint measure of the relative
magnitude and diversity of energies associated with a
particular sorption process (55). The Freundlich isotherm is
theoretically related to one consisting of multiple Langmuir
terms and is thus a logical choice for heterogeneous sorbents
(44, 55).

Desorption rate data and model fits are shown in Figure
1, and the corresponding model parameters are listed in Table
1. Trends in desorption parameters as a function of sorbent
type and initial phenanthrene solid-phase concentration are

FIGURE 1. Phenanthrene desorption rate profiles for different geosorbents and initial solid-phase loadings at 25 °C under infinite dilution
conditions in CMBRs.
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discussed in a companion paper (54); here we briefly make
two principal observations. First, desorption rates and extents
are strong functions of geosorbent type, and we attribute
this in large part to the different nature of natural organic
matter that each contains. It was an intentional part of the
experimental design to select and prepare sorbents exhibiting
a broad spectrum of desorption characteristics with respect
to both rate parameters and resistant fractions. The results
agree with the hypothesis on our part that geosorbents
containing primarily humic type organic matter will allow
more labile (faster and more complete) desorption than those
containing primarily kerogen-like organic matter. Second,
for all three sorbent types, rates and extents of desorption
increase with higher initial solid-phase solute loading levels.
This may be attributable to the distribution of sorption site
energies associated with SOM (44) or to non-Fickian diffusion
(i.e., concentration-dependent diffusivities) through poly-
meric SOM matrixes. The latter effect is analogous to that
which occurs for solute diffusion through glassy polymers
(33, 43, 56).

The implications of the observed effects of initial loading
levels are significant, highlighting a critical facet of the need
in remediation practice for a predictive methodology such
as that presented here. Given the evidence that HOC
desorption rates depend on sorbed-phase concentrations
reached in earlier contamination events, predictions based
solely on the native properties of the geosorbent are
insufficient. Conversely, if the precepts set forth here are
correct, relatively simple hot water desorption experiments
coupled with calculations of apparent activation energies of
desorption for specific samples at specific levels of con-
tamination may allow accurate predictions of slow long-
term desorption rates to be expected in each specific case.

Activation Energies. Arrhenius-type plots of ln(ks) versus
1/T for the six samples are shown in Figure 2, confirming the

applicability of the Arrhenius relationship for describing the
temperature dependence of the desorption process, thus
allowing calculation of activation energies from the respective
slopes (-Ea/R) of the resulting straight lines. Analysis of the
phenanthrene desorptions measured at 75, 100, and 150 °C,
resulted in determinations of the apparent activation energies
of desorption listed in Table 2. Values of Eapp,d ranging from
about 40 to 80 kJ/mol are consistent with those for diffusion
in polymers, which average approximately 60 kJ/mol but
can exceed 100 kJ/mol for glassy or highly cross-linked
polymeric matrixes (26, 31, 32, 56-58). Sterically hindered
pore diffusion typically has lower activation energies, i.e.,
10-50 kJ/mol (36, 37, 57, 59-61). Other studies of HOC
desorption from soils and sediments have yielded apparent
activation energy values similar to those presented in Table
2; specifically, 60-70 kJ/mol for desorption of chloroben-
zenes, PCBs, and PAHs from sediments (37) and 66 kJ/mol
for EDB desorption from soil (5).

The data in Figure 2 and Table 2 illustrate clearly that the
apparent activation energies of such desorption processes
are strong functions of sorbent organic matter characteristics
and initial contaminant loading level. Desorption activation
energies are lower for the Chelsea soil, which contains largely

TABLE 1. Phenanthrene Desorption Rate Parameters as Functions of Sorbent Type and Initial Solute Loading Level

first-order biphasic desorption model parameters

sorbent qo
a (µg/g) Os ks (day-1) × 103 kr (day-1)

Lachine 1080 0.829 ( 0.090b 0.859 ( 0.598 0.0289 ( 0.0216
Lachine 10200 0.640 ( 0.071 2.92 ( 1.03 0.180 ( 0.099
Wagner 12.1 0.736 ( 0.040 1.38 ( 0.53 0.134 ( 0.055
Wagner 97.0 0.690 ( 0.043 3.01 ( 0.73 0.362 ( 0.147
Chelsea 37.5 0.706 ( 0.051 10.7 ( 2.0 0.598 ( 0.371
Chelsea 602 0.616 ( 0.110 148 ( 140 7.30 ( 5.0

a Initial solid-phase solute concentration (µg of phenanthrene/g of sorbent). b 95% confidence intervals.

FIGURE 2. Arrhenius plots of first-order rate constants to determine activation energies for slow desorption.

TABLE 2. Temperature Effects on Solute Desorption Rates

sorbent qo (µg/g) Eapp,d
a (kJ/mol) ks (75 °C)/ks (25 °C)b

Lachine 1080 85.8 ( 9.9 145
Lachine 10200 82.6 ( 10.1 120
Wagner 12.1 74.1 ( 4.4 73
Wagner 97.0 69.3 ( 18.1 56
Chelsea 37.8 69.4 ( 13.1 56
Chelsea 602 41.3 ( 25.5 11

a Activation energy of phenanthrene desorption determined from
rate data at 75, 100, and 150 °C. b Predicted from Eapp,d and eq 3.
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humic soil organic matter, than they are for the kerogen-
containing Wagner soil and Lachine shale. Further, desorp-
tion activation energies increase with decreasing initial solid-
phase solute concentration. Assuming that there is a
distribution of sorption site energies associated with SOM
(44), the higher energy sites may be preferentially occupied.
Thus, at lower loading levels a higher percentage of sorbate
molecules are sorbed to higher energy sites, presumably
resulting in higher associated desorption activation energies.

It should be noted that temperature itself may cause soil
organic matter to become more rubbery as glass transition
temperatures are approached or exceeded (62). However,
when the 25 °C desorption rate constants for the present
studies are included in the Arrhenius plot of Figure 2, a strong
linear relationship between ln(ks) and T -1 still exists, verifying
that the apparent activation energies of desorption deter-
mined from the superheated water experiments remained
essentially constant over the broader temperature range
studied in the desorption experiments.

Rapid Prediction of Long-Term Desorption Rates. The
experimentally determined activation energies were used in
eq 3 to predict ratios of phenanthrene desorption at 75 °C
to desorption at 25 °C. These calculated scaling factors are
shown in the last column of Table 2. The time scale for each
desorption profile at 75 °C was then increased by the
corresponding value of this factor to produce a predicted
desorption profile at 25 °C. The predicted 25 °C desorption
curves are compared to the measured 25 °C desorption data
in Figure 3A-C. Dashed lines in the figures denote ( one
standard deviation from the predictions based on propaga-
tion of uncertainties in Eapp,d. Statistical confidence regions
are wide because Eapp,d for each sample is based upon only
three desorption rate experiments. Statistical confidence
regions can be compressed by performing a larger number
of experiments at additional temperatures.

It is important to note that the predicted desorption
profiles for 25 °C were generated independently of the data
points in the figures. It is rather remarkable that the
desorption predictions agree so well with measured data in
all cases even though the phenanthrene desorption rates
themselves vary by orders of magnitude for the six samples
(Table 1). The 25 °C predictions matched the measured
desorption data to within approximately 3%, 10%, and 20%,
respectively, for Lachine shale, Chelsea soil, and Wagner soil.
Furthermore, each predicted profile was generated with only
2-3 days of laboratory experimental effort, while the actual
measurements at 25 °C required 250-640 days. Because the
desorption profiles at the higher temperatures so well match
the extended profiles determined at 25 °C, it is clear that the
rapid superheated water technique captures the behavior of
even the highly desorption resistant fractions of sorbed
contaminant.

Summation of Methodologies. The technique for rapid
superheated water prediction of long-term desorption be-
havior described in this paper can be summarized briefly as
follows: (i) rates of solute desorption from contaminated
sorbents are measured at elevated temperatures; (ii) each
high-temperature desorption rate curve is simulated using
an appropriate desorption model (the biphasic first-order
model was used in the present work) to determine a rate
constant (e.g., ks) for the slowly desorbing HOC fraction at
each temperature; (iii) the data are modeled by the Arrhenius
equation to determine apparent activation energies for the
desorption process; (iv) apparent activation energies are used
to calculate ratios of HOC desorption rate constant values
measured at higher temperatures to those at the ambient
temperatures of interest (i.e., temporal scaling factors) using
the Arrhenius relationship; and (v) these temporal scaling
factors are then used to expand the time scales of the
desorption profiles measured at higher temperatures to

obtain the profiles to be expected at corresponding ambient
temperatures.

Effects of Superheated Water on Sorbents. A previous
paper reported that partial extraction of soil organic matter
with subcritical water at 250 °C permanently altered the
sorptive reactivity of Chelsea soil for phenanthrene, attribut-
ing this to diagenesis-like changes to the soil’s residual organic
matter (40). This raises a question as to whether the
desorption experiments conducted at temperatures of up to
150 °C in this work permanently altered the geosorbent SOMs.
If so, correlations between 25 °C desorption and higher
temperature desorption would be inappropriate. To assess
this possibility, we treated uncontaminated Chelsea, Wagner,
and Lachine sorbents using a range of superheated water
temperatures and retained the treated samples for subse-
quent isotherm measurements. Samples of each sorbent were
exposed to a 1.0 mL/min flow of superheated water for 3 h
at 150, 175, 200, and 250 °C in the dynamic system described
earlier. Pressure was elevated to a level high enough to
maintain liquid aqueous phases during the superheated water
treatments. Table 3 lists Freundlich isotherm parameters for
the original geosorbents and those treated with superheated
water. Isotherms for the original and Chelsea samples are
shown in Figure 4 along with Freundlich model fits to the
data. The dramatic increase in sorption capacity of Chelsea
soil after 250 °C water treatment has been discussed elsewhere
(40). Of the three geosorbents studied here, the Chelsea soil

FIGURE 3. Comparisons of predicted 25 °C desorption rate profiles
and measured data for (A) Lachine shale, (B) Chelsea soil, and (C)
Wagner soil.
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contains the geologically youngest SOM and is therefore likely
to be most markedly altered at elevated temperatures and
pressures. Superheated water treatment causes changes in
organic composition and functionality in a manner analogous
to those of natural diagenesis processes. It is therefore not
surprising that the Wagner soil and Lachine shale, because
they contain principally geologically mature kerogen, are less
affected in their properties and behaviors by high temperature
and pressure.

For purposes of rapid comparison of results, the last two
columns in the table list 95% confidence regions for
concentration-dependent solute distribution coefficients
calculated at 10 and 100 µg/L aqueous phase equilibrium
concentrations. The data reveal that the superheated water
treatment did not cause statistically significant changes in
the sorptive reactivity of Chelsea soil at temperatures e150
°C nor in those of the Wagner soil and Lachine shale at
temperatures e200 °C. Because the phenanthrene desorp-
tions were all conducted at temperatures less than or equal
to 150 °C, we conclude that geosorbent organic matter was
not permanantly altered in the experimental process de-
scribed. Desorption isotherms measured for selected samples
additionally revealed that desorption hysteresis was not
introduced for Chelsea soil treated at temperatures up to
150 °C and that the normal hysteresis observed for Lachine

shale was not changed by treatment temperatures as high
as 200 °C.

While the analyses described above suggest that there
were no significant permanent changes to soil organic matter
at the temperature employed, they do not rule out the
possibility of temporary changes. However, as noted previ-
ously, when the 25 °C desorption rate constants are included
in the Arrhenius plot, there is a strong linear relationship
between ln(ks) and T -1. Thus, even if the higher temperatures
might have caused temporary reversible changes to the soil
organic matter, the desorption process activation energy
remained essentially constant over this temperature range.
Furthermore, the time-scaled desorption profiles at 25 °C
matched those at temperatures of up to 150 °C for all samples.
Thus, although the soil organic matter of at least the Chelsea
soil might have been in a somewhat less rigid state at the
elevated temperatures, desorption was still biphasic, with
the slowly desorbing fraction having an apparent first-order
rate constant about 2 orders of magnitude lower than that
for the rapidly desorbing fraction.

In summary, an experimental methodology employing
superheated water desorption has been developed for
predicting long-term contaminant release rates from soils
and sediments as well as the desorption-resistant fractions
of the total contaminant burdens of such materials. The

TABLE 3. Sorption Isotherm Parameters and Calculated Concentration-Dependent Distribution Coefficients for Original and
Subcritical Water Extracted Geosorbents

Freundlich sorption parameters KD (L/g)c

sorbent log KF
a n R 2 Nb Ce ) 10 µg/L Ce ) 100 µg/L

Chelsea soil 0.612 ( 0.034d 0.724 ( 0.018 0.998 19 [2.07, 2.26]e [1.11, 1.19]
150 °C SW Chelsea 0.633 ( 0.068 0.730 ( 0.032 0.993 20 [2.12, 2.53] [1.18, 1.29]
175 °C SW Chelsea 0.733 ( 0.057 0.718 ( 0.034 0.992 18 [2.60, 3.07] [1.34, 1.62]
200 °C SW Chelsea 0.885 ( 0.048 0.705 ( 0.030 0.994 18 [3.62, 4.19] [1.81, 2.16]
250 °C SW Chelsea 1.26 ( 0.053 0.676 ( 0.031 0.991 20 [8.15, 9.22] [3.89, 4.35]
Wagner soil -0.186 ( 0.178 0.787 ( 0.093 0.963 15 [0.316, 0.505] [0.205, 0.291]
150 °C SW Wagner -0.184 ( 0.105 0.803 ( 0.067 0.978 17 [0.359, 0.481] [0.222, 0.315]
175 °C SW Wagner -0.142 ( 0.094 0.835 ( 0.058 0.983 18 [0.433, 0.564] [0.290, 0.395]
200 °C SW Wagner -0.0205 ( 0.080 0.757 ( 0.049 0.985 18 [0.485, 0.613] [0.272, 0.358]
250 °C SW Wagner -0.343 ( 0.229 0.678 ( 0.116 0.925 15 [0.786, 1.40] [0.417, 0.603]
Lachine shale 2.42 ( 0.062 0.563 ( 0.035 0.987 18 [88.3, 104] [32.5, 37.6]
150 °C SW Lachine 2.36 ( 0.064 0.577 ( 0.037 0.986 18 [78.7, 93.7] [29.7, 35.4]
175 °C SW Lachine 2.41 ( 0.071 0.570 ( 0.041 0.982 18 [86.8, 105] [32.1, 39.3]
200 °C SW Lachine 2.39 ( 0.082 0.578 ( 0.050 0.976 18 [82.5, 103] [31.1, 39.2]
250 °C SW Lachine 2.74 ( 0.051 0.438 ( 0.026 0.991 14 [140, 160] [38.9, 42.9]
a KF has units of (µg/g)/(µg/L)n. b Number of data points in isotherm. c Calculated using the listed Freundlich isotherm parameters, KD ) qe/Ce.

d 95% confidence intervals. e 95% confidence region.

FIGURE 4. Effects of superheated water treatment of Chelsea soil on subsequent sorption isotherms.
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technique has great potential practical value because con-
taminant desorption experiments at ambient temperatures
commonly require months or years, while the superheated
water desorptions used to develop activation energies for
predictions of ambient temperature behavior can be com-
pleted in a matter of hours or days. We expect the technique
to be applicable to other hydrophobic sorbates beside the
phenanthrene tested here and to field-contaminated samples
as well, but further experimental work is needed to verify
this hypothesis.
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